The membrane bound aa 3 -type quinol:oxygen oxidoreductase from the hyperthermophilic archaeon, Acidianus ambivalens, which thrives at a pH of 2.5 and a temperature of 80 jC, has several unique structural and functional features as compared to the other members of the heme -copper oxygen reductase superfamily, but shares the common redox-coupled, proton-pumping function. To better understand the properties of the heme a 3 -Cu B catalytic site, a resonance Raman spectroscopic study of the enzyme under a variety of conditions and in the presence of various ligands was carried out. Assignments of several heme vibrational modes as well as iron -ligand stretching modes are made to serve as a basis for comparing the structure of the enzyme to that of other oxygen reductases. The CO-bound oxidase has conformations that are similar to those of other oxygen reductases. However, the addition of CO to the resting enzyme does not generate a mixed valence species as in the bovine aa 3 enzyme. The cyanide complex of the oxidized enzyme of A. ambivalens does not display the high stability of its bovine counterpart, and a redox titration demonstrates that there is an extensive heme -heme interaction reflected in the midpoint potentials of the cyanide adduct. The A. ambivalens oxygen reductase is very stable under acidic conditions, but it undergoes an earlier alkaline transition than the bovine enzyme. The A. ambivalens enzyme exhibits a redox-linked reversible conformational transition in the heme a 3 -Cu B center. The pH dependence and H/D exchange demonstrate that the conformational transition is associated with proton movements involving a group or groups with a pK a of f 3.8. The observed reversibility and involvement of protons in the redox-coupled conformational transition support the proton translocation model presented earlier. The implications of such conformational changes are discussed in relation to general redox-coupled proton pumping mechanisms in the heme -copper oxygen reductases. D
Introduction
Studies of heme -copper oxygen reductases originating from phylogenetically distant microorganisms contribute significantly both to a wider knowledge of the functional, structural, and mechanistic diversity found among prokaryotic oxygen reductases, and to a better understanding of the common features of this enzyme superfamily. An example of a heme -copper oxygen reductase with quite distinct features is the Type B [1,2] aa 3 quinol oxidase from the thermoacidophilic archaeon Acidianus ambivalens [3] [4] [5] .
This organism grows optimally at 80 jC and pH 2.5 [6, 7] , and contains one of the simplest respiratory systems so far described. The essential structural elements of the enzyme are the same as those of the other members of the hemecopper oxygen reductase family, containing a heme a redox center and a heme a 3 -Cu B binuclear catalytic site where oxygen is reduced to water.
Functional and mechanistic studies on the A. ambivalens aa 3 quinol oxidase have revealed several distinct properties of this enzyme in comparison to its mitochondrial counterpart, especially in the dynamics of the heme a 3 -Cu B binuclear center [8, 9] . Moreover, in spite of the absence of the conserved amino acid residues of the Dchannel identified for the other heme -copper oxygen reductases, it was shown to be a proton pump [5] . Investigations by stopped-flow spectrophotometry sug-gested that the enzyme interacts in vivo with a redox active molecule, most probably caldariella quinone, which favors the electron entry via heme a, providing the fourth electron demanded for catalysis [4] . The quinone is essentially lost upon purification of the enzyme. This situation finds a parallel in Escherichia coli bo 3 quinol oxidase, which also requires the presence of a tightly bound quinone to have normal oxygen reaction kinetics [10] . Additional data from independent experimental approaches have been accumulating and suggest an intrinsic difference of the A. ambivalens quinol oxidase binuclear site with respect to that of the other enzymes in this superfamily. In this oxidase, in the detergent solubilized form, the apparent reduction potential for heme a 3 is higher than that of heme a [4] , in contrast with what is observed with the canonical oxygen reductases, which have a reversed order. In agreement with the redox potential data, no electron back flow is observed from heme a 3 to heme a upon photolysis of the mixed valence CO-bound enzyme [9] . Also, the ligand binding properties of the A. ambivalens reductase, judged by the reaction with CO, are quite different from those of the other oxygen reductases. CO-recombination kinetics data demonstrate that CO binds transiently to Cu B before binding to heme a 3 just as in the bovine enzyme, but at much lower rates, the overall process being slower by a factor of f 25. Additionally, in the A. ambivalens oxygen reductase, distinct absorbance changes in the visible region in the tens of microsecond time scale have been tentatively ascribed as a heme a 3 pocket relaxation that occurs on the same time scale as that of the CO release from the Cu B site [9] . These changes are significantly slower than those reported for the bovine enzyme. The role of such conformational changes in the binuclear center associated with ligand binding/dissociation events have not been delineated in the proton pumping mechanism but clearly have potential importance.
The bound quinone in the A. ambivalens aa 3 enzyme also plays a role in the regulation of the dynamics of the binuclear site. Resonance Raman spectroscopy showed that a change in frequency of the heme a 3 formyl group, from 1660 to 1667 cm À 1 -indicative of a loss of hydrogen bonding due to deprotonation of a neighboring group-is influenced by the presence of quinone [8] . The conformational change associated with this shift is reversible and it occurs faster in the presence of caldariella quinone. Therefore, the quinone brings about changes, which lead to a structural modification at the binuclear site upon reduction, a process with implications on proton translocation [8] .
Pereira et al. [1] have classified the heme -copper oxygen reductases into three different types depending on their proton pathways. A. ambivalens aa 3 belongs to Type B in which the amino acid residues in the D and K channels are not conserved, as they are in Type A, although an alternative K channel homologue seems to be present. (In the Type C oxygen reductases, the D channel is absent and an alternative K channel is only partly conserved.) All three types have been shown to act as proton pumps [1] . In these enzymes, two distinct functional processes involve protons. Four protons are utilized in the dioxygen reduction process to generate two molecules of water; these protons are taken up from the matrix side of the inner mitochondrial membrane in eukaryotes, or from the cytoplasmic side in prokaryotes. In addition, up to four protons are pumped from the matrix (or cytoplasm) to the other side of the membrane for each oxygen molecule reduced. The coupling of the electron/chemical events to the proton movements imposes the existence of redox-sensitive protonation sites in the enzyme [8,11 -16] , which must undergo protonation/ deprotonation events associated with the catalytic and electron transfer events and may lead to key rearrangements of hydrogen bonding networks, including water molecules (e.g., see Refs. [1, 2] ). During proton translocation, conformational changes may also be required, to assure the vectoriality of the process. In the A. ambivalens enzyme, the redox-linked conformational changes in the heme a 3 -Cu B site, as noted above, have been ascribed as constituting a crucial element in the proton translocation mechanism [8] .
We report here a structural characterization of this enzyme using resonance Raman spectroscopic methods as well as measurements of the heme midpoint potentials to study its ligand binding and heme pocket properties. The features of this enzyme are highlighted in comparison to those of bovine aa 3 in an effort to identify those properties that are similar and those that are distinct.
Materials and methods

Materials
A. ambivalens cells were grown as described elsewhere [17] . Membranes and purified aa 3 oxygen reductase were prepared as in Ref. [5] , using n-dodecyl-h-D-maltoside as detergent. The concentration of the protein samples used for the Raman measurements was f 60 AM in appropriate buffer for a desired pH (100 mM sodium phosphate, pH 7.4 and pH 2.6; 100 mM sodium acetate, pH 3.5 -5.0; 100 mM MES, pH 6.0; 100 mM CHES, pH 9.0 -9.5; 100 mM CAPS, pH 10.5). Decylubiquinone and dodecyl maltoside were purchased from Sigma (St. Louis, MO).
Methods
Resonance Raman measurements were carried out with excitation wavelengths at 413.1 nm from a Krypton-Ion laser (Spectra Physics, Mountain View, CA) and 441.7 nm from a He -Cd laser (Liconix, Santa Clara, CA). Details of the instrumentation have been described elsewhere [18] . The sample cell was spun at 6000 rpm to avoid local heating.
The Raman scattered light was dispersed through a polychromator (Spex, Metuchen, NJ) equipped with a 1200 grooves/mm grating and detected by a liquid nitrogen-cooled CCD camera (Princeton Instruments, Princeton, NJ). A holographic notch filter (Kaiser, Ann Arbor, MI) was used to remove the laser scattering. Frequency shifts in the Raman spectra were calibrated using acetone -CCl 4 or indene as a reference.
In the Raman measurements, the membrane fraction (containing exclusively the aa 3 oxidase) was studied in the intact state and in the solubilized state by the addition of detergent. The purified enzyme lacks bound quinone, as determined from quinone extraction and HPLC analyses, which consistently showed the absence of caldariella quinone. The purified enzyme yielded a good signal-tonoise level in the Raman measurements as compared to the intact membrane preparation. To obtain the reduced samples, an aliquot of a freshly prepared anaerobic solution of dithionite was added to a degassed solution of the oxidized enzyme. Owing to sensitivity of the oxidized enzyme (except at very low or high pH), low laser power ( f 0.1 -0.5 mW depending on the duration of data acquisition) was used in the resonance Raman measurements. For the same reason, low power was used for the CO complex as well as for the cyanide-bound oxidized enzyme. To measure the spectrum of the photodissociated CO sample, the laser beam, at relatively high power ( f 20 mW), was tightly focused on the spinning Raman cell, such that the passage time of the sample through the beam was f 5 As. Assuming that the first half of the passage of the sample through the beam resulted in complete photodissociation, the photoproduct has an effective evolution time of f 2 As. Additional experimental details for each measurement are given in the figure legends. All measurements were carried out at ambient temperature except otherwise noted. The Raman measurements were carried out with a custom made quartz cell that is also suitable for UV -Vis absorption measurements. The samples were sealed in the cell, and UV -Vis spectra recorded before and after Raman measurements to check the stability of the species studied.
The anaerobic redox titration of A. ambivalens oxygen reductase ( f 1.8 AM) was performed as previously described [19] . To form the cyanide adduct, the enzyme was incubated overnight with 10 mM of cyanide, at 4 jC, pH 7.5, in complete darkness. The redox mediators (2.4 AM each) used were the following: N,N-dimethyl-p-phenylenediamine (E 0 V= + 340 mV), p-benzoquinone (E 0 V= + 240 mV), 1,2-naphtoquinone-4-sulfonic acid (E 0 V= + 215 mV), trimethylhydroquinone (E 0 V= + 115 mV), phenazine methosulfate (E 0 V= + 80 mV), 1,4-naphtoquinone (E 0 V= + 60 mV), phenazine ethosulfate (E 0 V= + 55 mV), duroquinone (E 0 V= + 5 mV). The pH of the mixture was verified before and after the titration. The data shown is the result of two independent titrations. The potentials are quoted in relation to the standard hydrogen electrode.
Results
Resonance Raman spectra
The high-frequency region (1300 -1700 cm À 1 ) of the resonance Raman spectra of hemeproteins are comprised of porphyrin in-plane vibrational modes that are sensitive to the electron density in the porphyrin macrocycle and also to the oxidation, coordination, and spin state of the central iron atom [20] . In addition, the C -O stretching mode of the hemesubstituent formyl groups and the C -C stretching mode of heme-substituent vinyl groups are present in the high-frequency region [21] . In the respiratory oxygen reductases containing heme a as a redox cofactor, the carbonyl stretching mode from the formyl group of both heme a and heme a 3 are resonance-enhanced and are located in the 1600-1700 cm À 1 region. As such, they are useful probes of the local environment of the heme periphery. Fig. 1 shows the resonance Raman spectra in the high-frequency region of the purified A. ambivalens aa 3 oxygen reductase in the as-isolated oxidized and dithionite-reduced forms of the enzyme. Also shown is the spectrum of the enzyme in the intact membrane of A. ambivalens. For tentative mode assignments, see Table 1 in which the spectral lines from A. ambivalens aa 3 are compared to those of the bovine enzyme [22 -24] . The characteristics of the modes of the heme macrocycle are similar to those seen in other oxidases but the carbonyl modes of the formyl group are quite distinct.
Resonance Raman spectra of the oxidized enzyme
The spectrum of the enzyme in the as-isolated oxidized form (Fig. 1c) has vibrational modes from both hemes a and a 3 , resembling those in bovine oxidase ( Table 1 ). The C -O stretching modes of the formyl groups are assigned at 1653 and 1676 cm À 1 , for heme a and heme a 3 , respectively. The C -O formyl mode at 1676 cm À 1 from heme a 3 in the A. ambivalens oxidase is located at a higher frequency than that (1672 cm À 1 ) in the bovine enzyme [21] , suggesting a less polar (or weaker hydrogen bonding) character in vicinity of the formyl CMO moiety in the A. ambivalens oxygen reductase. The C -O formyl mode of heme a is also found at higher frequency (by 11 cm À 1 ) than that in the bovine enzyme (Table 1) , suggesting a significant difference in the electrostatic environment of heme a between the two enzymes in the oxidized state. The quality of the spectra in the oxidized forms of the enzyme is not as good as that of the reduced forms of the enzyme (see below) due to the high photosensitivity of the heme groups in this enzyme, which necessitates use of low laser power to avoid photodissociation. Great care was taken to minimize photoreduction by using low laser power and spinning the sample cells.
The carbonyl mode of the heme a 3 formyl group in the oxidized form of A. ambivalens oxidase undergoes changes in its frequency in the presence of ubiquinone. It is known that the A. ambivalens aa 3 oxidase binds ubiquinone leading to altered electron transfer activity in the enzyme [4, 8] . The carbonyl stretching mode of the formyl group shifts to lower frequency (1673 cm À 1 ) in the presence of decylubiquinone (Fig. 1d,e) , suggesting a more polar environment around the heme a 3 formyl moiety. The spectrum of the membrane enzyme ( Fig. 1f) supports such an effect of quinone binding form is also shown in (f). The excitation frequency was 413.1 nm. The data acquisition time with the oxidized samples was about 1 min, the laser power used was f 0.5 mW, and the sample cell was spun at 6000 rpm. These were found to be the optimum conditions to minimize photoreduction while achieving an acceptable quality of spectra. The laser power for reduced samples was f 20 mW. because the intact membrane-bound enzyme has its physiological partner, caldariella quinone, bound to it, and the frequency of the formyl mode is centered at 1673 cm À 1 in the oxidized form.
Reduction of the enzyme
Immediately following anaerobic reduction of the enzyme, the frequencies of the vibrational modes in the Raman spectrum (Fig. 1a) have some similarities to those in other oxygen reductases and some significant differences (see Table 1 for comparison with the bovine enzyme). The formyl carbonyl stretching modes are assigned at 1628 and 1660 cm À 1 , for heme a and heme a 3 , respectively [8] , immediately after reduction of the enzyme. Our assignment of the carbonyl stretching mode of the heme a formyl mode at 1628 cm
places it nearly 20 cm À 1 higher than that in the bovine enzyme [21] although substantially lower than that of the mode in Sulfolobus acidocaldarius in which it was assigned at 1657 cm À 1 [25] . The assignment of the formyl mode of heme a at 1628 cm À 1 was based on the correlation of the intensity of this line with the amount of reduced heme a. The other possibility for this mode is the line at f 1621 cm À 1 . However, in comparison with the other members of the a 3 -Cu B superfamily, it appears more likely that the 1621 cm
line results from the vinyl CMC stretching mode. 1 The higher frequency of the formyl mode in the enzyme from A. ambivalens as compared to that from the bovine enzyme indicates that the hydrogen bonding to the formyl group is substantially weaker in the A. ambivalens aa 3 .
The heme a 3 formyl mode initially detected at 1660 cm À 1 shows a time-dependent change following reduction, shifting to 1667 cm À 1 (Fig. 1b) . The absence of spectral changes in the other modes, including the oxidation state marker, r 4 , at 1355 cm À 1 , indicates that the oxidation, coordination, and spin states are not changing in either of the hemes as a function of time after reduction. As reported previously [8] , this redox-induced conformational change in heme a 3 of the purified enzyme is slow with a t 1/2 f 18 min. In the membrane-bound enzyme, however, the conformational changes occur much faster.
To probe further into the redox-induced conformational changes, the effect of proton/deuterium (H/D) exchange in the enzyme was followed. In these experiments, pairs of samples were prepared under identical conditions except that one was incubated in H 2 O buffer and the other in D 2 O buffer. The sample pairs were followed as a function of time after reduction. Shown in Fig. 2 population. Thus, the redox-induced transition is retarded by the proton to deuterium exchange. These observations demonstrate that the conformational transition involving the heme a 3 formyl group is associated with proton movements, which may include changes in the hydrogen bonding network close to the binuclear site. Additional insights into the conformational transition were obtained by examining the effects of pH and temperature on the conformational transition. The transition involves one (or more) proton exchangeable group with a pK of f 3.8 [8] . The extent of the conversion from the 1660 to the 1667 cm À 1 conformer depends on the medium pH (and on elapsed time following reduction, as discussed earlier). By raising the temperature of the reaction medium to 55 jC, the conformational transition is accelerated significantly (data not shown). For example, at pH 5, the conformational transition is complete in less than a minute at 55 jC, in comparison to tens of minutes at room temperature. A series of experiments were designed to study the reversibility of the conformational transition process as well as its dependence on protonation/ deprotonation states of the involved groups. The reduction reaction in various pH buffers was carried out at 55 jC, and the reduced samples were incubated until equilibrium was reached. Then, the samples were taken out of the 55 jC bath and allowed to cool to room temperature, while monitoring their spectra to determine the population of the two conformers. Fig. 3 shows spectra of various pH samples at two time points: immediately after removing them from the 55 jC bath (shown in bold) and at equilibrium after sufficiently long time (80 min, shown in thin line). For the sample at pH 2.6, only one spectrum is shown because even after incubating at 55 jC, no conversion to the 1667 cm À 1 conformer was observed. In the pairs of spectra from a through d at decreasing pH, the bold line spectra show a majority population of 1667 cm À 1 , even at pH 3.5 -4.0. However, in this pH range, cooling the samples to room temperature brings back a substantial population of the 1660 cm À 1 conformer. These data indicate that as the temperature is increased, the pK a is lowered. Based on the equal populations of the two species at pH 3.5, the pK a change is f 0.3 pH units. In addition, the reversal of the populations upon lowering the temperature demonstrates the reversibility of the transition.
The cyanide-bound complexes
Cyanide binds to the iron of heme a 3 in both the oxidized and the reduced states of aa 3 oxygen reductases [24, 26, 27] . In the bovine enzyme, the cyanide binding to the oxidized heme a 3 is more stable than its binding in the reduced state. This is attributed to a very low midpoint potential of the cyanide adduct of heme a 3 . Thus, a mixed valence species may be readily formed in which the heme a site is reduced and the CN-bound heme a 3 site is oxidized. This mixed valence form can be produced by reducing the cyanide adduct of the oxidized enzyme with limited amount of reductant or by simply exposing the fully reduced cyanide-bound form to oxygen [24] .
Figs. 4 and 5 show the optical absorption spectra and the resonance Raman spectra for cyanide binding to various forms of A. ambivalens aa 3 . When cyanide is added to the fully reduced form of the enzyme (Fig. 4a,b) , the Soret band remains at 442 nm, and in the alpha region a component at Fig. 3 . The transition between the two conformers of the formyl group in A. ambivalens aa 3 oxygen reductase as functions of temperature and pH. The samples were incubated at 55 jC in a water bath for 10 min, followed by anaerobic dithionite reduction, and then incubation at 55 jC for another 10 min. Then the samples were placed at room temperature, and timedependent resonance Raman spectra were recorded. Spectra shown are immediately after moving from 55 jC to room temperature (bold line), and after a sufficiently long time to reach equilibrium, 80 min (thin line); at pH 5 (a), pH 4.4 (b), pH 4 (c), pH 3.5 (c), and pH 2.6 (d). It may be noted that at pH 2.6, no conversion to the 1667 cm À 1 form was observed even with incubation at 55 jC. At higher pH values, a pH-dependent recovery of the 1660 cm À 1 conformer was seen. The excitation frequency was 413.1 nm and laser power on samples was f 20 mW. Fig. 4 . UV -Visible absorption spectra of cyanide-bound A. ambivalens aa 3 oxygen reductase in the oxidized and reduced states at pH 7.4. Spectra shown are (a) fully reduced-absorption maxima at 442, 604 nm; (b) fully reduced, incubated with 10 mM cyanide for 100 minutes-absorption maxima at 442, f 592, f 604 nm; (c) reduced cyanide-bound enzyme in sample b after being exposed to air for 30 min. The following spectra were obtained from a different sample starting from the oxidized state of the enzyme: (d) as-isolated oxidized-absorption maxima at 424, 597 nm; (e) oxidized enzyme incubated with 10 mM cyanide; (f) the cyanide-bound enzyme from sample e was partially photoreduced using the 413.1 nm laser; (g) highly photoreduced cyanide-bound enzyme.
592 nm develops, similar to the behavior seen in the fully reduced bovine enzyme [24] . The resonance Raman spectrum of the fully reduced cyanide-bound enzyme is characteristic of a low-spin reduced heme (Fig. 5 , spectrum c) similar to that in the bovine enzyme. The frequencies of the modes that can be assigned to heme a are the same in the reduced CN À adduct as in the reduced ligand-free and CObound species (see Table 1 ). Just as in the bovine enzyme, the heme a 3 formyl carbonyl stretching mode of the ferrous complex is lowered in frequency upon binding CN À . However, the frequencies are quite different with the mode appearing at 1644 cm À 1 in the bovine enzyme and at 1654 cm À 1 in the A. ambivalens enzyme. When the cyanidebound fully reduced form is exposed to air, which in the bovine enzyme yields a mixed-valence complex, the spectrum (spectrum c) is essentially unchanged (spectrum d).
Cyanide binding to the oxidized A. ambivalens enzyme results in a slight red shift (2 nm) of the Soret band (Fig. 4 , spectra d and e). A larger red shift (5 -12 nm, depending on the initial state of the enzyme-'fast' or 'slow', respectively [28, 29] ) upon cyanide binding is observed in the bovine enzyme, primarily because of a bluer Soret band of the oxidized form. Resonance Raman spectra of cyanide-bound A. ambivalens aa 3 in the oxidized state in the high-frequency region is shown in Fig. 5a . The cyanide-bound oxidized enzyme is very prone to photoreduction just as the oxidized enzyme itself, as noted above. Great care was taken to minimize such photoreduction as evident from the absence of intensity buildup at 1357 and 1520 cm À 1 in spectrum a, which bears the signature of the low-spin, cyanide-bound oxidized aa 3 species (m 4 = 1371, m 3 = 1502, m 2 = 1588 cm À 1 ) (see Table 1 ). The formyl stretching frequencies of hemes a 3 and a appear at 1674 and 1653 cm À 1 , respectively, very close to those in the oxidized enzyme in the absence of externally added cyanide, similar to observations made with the bovine enzyme ( Table 1 ). The frequency of the carbonyl stretching mode of the heme a formyl group in the A. ambivalens enzyme of the CN À adduct is the same as that in the absence of cyanide.
The cyanide-bound oxidized A. ambivalens enzyme is readily photoreduced as may be seen from the optical spectra in Fig. 4 (spectra f and g ) just as the oxidized form in the absence of cyanide, described earlier. Spectrum g represents a highly photoreduced cyanide-bound species similar to the reduced cyanide-bound species shown in spectrum b, illustrating the propensity of the cyanide-bound species for photoreduction. Similar evidence for photoreduction comes from the resonance Raman spectrum when the laser power at 413.1 nm is increased. As may be seen from Fig. 5 , spectrum b, both hemes a and a 3 become reduced. These results suggest that the midpoint potentials of the two hemes, when cyanide is bound, are similar in contrast to the bovine enzyme in which the CN-bound heme a 3 has a very low potential. To determine quantitatively the redox behavior, a redox titration in the presence of 10 mM cyanide was performed. The enzyme spectra (from 350 to 800 nm) were measured as a function of the solution potential (Fig. 6) . Surprisingly, the intensity changes in the Soret band (not shown) and at 592 and 604 nm follow almost exactly the same redox behavior (see Fig. 6, panel A) , indicating that the two hemes have identical apparent midpoint potentials. Moreover, compared to the redox behavior of the cyanide-free enzyme (Fig. 6,  panel A) , it is immediately clear that the high redox potential transition is shifted to higher potential, by ca. 120 mV. At the present stage, a fitting of the experimental data was not attempted, due to the very large number of parameters necessary (intrinsic reduction potentials of each heme, heme -heme, and heme -copper interaction potentials). Nevertheless, it is clear that upon cyanide binding, the A. ambivalens enzyme shows an unexpected behavior, as compared with the bovine enzyme, namely an increase of the heme midpoint potentials.
Carbon-monoxide-bound conformers
The CO derivatives of hemeproteins are extremely useful probes for studying the environment of the heme proximity [22] . The frequencies of the Fe-CO stretching mode and other CO-related modes, which are particularly sensitive to interactions with neighboring groups, can be measured by resonance Raman spectroscopy. The frequencies of the Fe -CO stretching mode in the members of the heme -copper oxygen reductase family varies, falling into two major groups corresponding to two conformers of the binuclear site. The first one, termed the a-conformer exhibits m Fe -CO at f 520 cm À 1 ; the second one, the h-conformer, has m Fe -CO at f 500 cm À 1 [18, 30] . Additionally, at alkaline pH, only one line at 493 cm À 1 is seen in this region of the spectrum, the y-conformer, which develops when the heme environment has been irreversibly disrupted. In the aa 3 oxygen reductase from Rhodobacter sphaeroides, the aand h-conformers coexist and display a pH-dependent equilibrium [18, 30] . Similar a-and h-conformers have been detected in the CO-bound forms of several other oxygen reductases from various organisms and have been studied by both FTIR and resonance Raman measurements [31 -36] .
The resonance Raman spectra of the CO derivative of A. ambivalens aa 3 in the low-frequency region are shown in Fig. 7 . The lines at 500 and 520 cm À 1 (spectrum b) are assigned as Fe -CO stretching modes, since in the 13 [30] . The two conformers do not exhibit any major change in their population (i.e. band intensity) in the pH range 5-9 (data not shown; only slight changes are seen in spectrum c at pH 9.0). At alkaline pH ( f 10.5), however, the enzyme has a single Fe -CO line at 494 cm À 1 , with virtually no line at 567 cm À 1 . This Fe -CO frequency at alkaline pH is assigned to a y-conformer of the enzyme as reported for the R. sphaeroides aa 3 oxygen reductase [18] . Only one weak isotope-sensitive line was detected in the high-frequency region at 1970 cm À 1 (spectra not shown) that we assign as a C -O stretching mode. Although we are unable to demonstrate which conformer it is associated with, we assume it is the a conformer as the m C -O frequency of this conformer is located at 1964 cm À 1 in bovine and R. sphaeroides aa 3 ( Table 1) .
The two CO conformations are proposed to originate from a difference in their a 3 Fe -Cu B distance [18] . Although Fe -CO and C -O frequencies of most hemeproteins follow an inverse correlation, those of the a-conformer of the oxygen reductases lie off the Fe -CO vs. the C -O correlation curve [37] . The assignment of the C -O frequency at 1970 cm À 1 and the Fe -CO frequency at 520 cm À 1 for the a-conformer of A. ambivalens places it off the correlation curve just as in the other oxygen reductases. The C -O frequency of the h-conformer in the A. ambivalens enzyme is not detected in this work. It may be noted that the hconformer in the R. sphaeroides enzyme has been shown to lie on the correlation line [18] unlike the a-conformer. It is likely that due to the steric constraints in the binuclear center resulting from Cu B , in the a-conformer, the Fe -C -O moiety is significantly bent and possibly the Fe -C bond is compressed.
In bovine aa 3 , incubation of the enzyme with CO leads first to the mixed valence species and later to the fully reduced species [38] . However, unlike the bovine enzyme, the yield of a CO-induced mixed valence species is very low in the A. ambivalens enzyme as may be seen in Fig. 5 , spectrum e. For comparison, the spectrum of the fully reduced CO-bound enzyme is shown in spectrum f.
The alkaline transition in oxidized A. ambivalens aa 3 oxygen reductase
Although A. ambivalens aa 3 remains active (and structurally stable) over a wider acidic pH range than the bovine enzyme, it is less stable in the alkaline pH range. As low as at pH 9, the enzyme displays significant changes in the structure of its redox cofactors. Raman spectra of the oxidized form of the A. ambivalens O difference spectrum is shown at the top. Separate samples were made in the desired buffers for each pH value reported, and they were allowed to equilibrate following dithionite reduction as well as after CO addition. The laser excitation wavelength was 413.1 nm. The laser power used was 0.1 -1.0 mW depending on the photoreducibility of the sample. Resonance Raman spectra of the CO samples prepared at pH 6 and pH 5 were very similar (not shown) to that for the pH 7.4 sample. enzyme at three alkaline pHs are shown in Fig. 8 . The spectra at high pH are similar to those reported by Babcock et al. [21] on the mammalian enzyme. Two important changes occur in these spectra at the elevated pH: the m 3 mode at f 1490 cm À 1 becomes very strong and two broad lines are present in the high-frequency region at 1580 and 1625 -1635 cm À 1 . The frequency of the m 3 mode is characteristic of five-coordinate high-spin ferric hemes, and its intensity, which is comparable to that of the m 4 mode at 1370 -1375 cm À 1 , is similar to that seen in model complexes [39] , mutant myoglobins [40] , heme oxygenase [41] , and bovine aa 3 [42] . Thus, we conclude that under these alkaline conditions in the A. ambivalens oxygen reductase, a Schiff base has been formed. We propose that the histidine -iron bonds for both heme a and heme a 3 have been broken allowing the hemes to move out of their pockets. Similar results have been found in the bovine enzyme but this enzyme is stable up to pH f 10, and the Schiff base is formed at pH f 11 and higher [21] . Thus, the onset of alkaline transition in A. ambivalens aa 3 occurs at a much lower pH than in the bovine enzyme, while the A. ambivalens enzyme exhibits more acid tolerance. Apparently, such structural and functional properties of the A. ambivalens enzyme befit well the living conditions of this extremophile that is known to thrive at an acid pH of 2.5, although the internal cellular pH may be much higher.
The effect of low pH and photolysis
The resonance Raman spectra of hemeproteins in their ferrous oxidation state (with a five-coordinated heme ligated to a histidine) generally have a low-frequency line in the neighborhood of 220 cm À 1 resulting from the Fe -His stretching mode (m Fe À His ). This mode is sensitive to strain in the Fe -His bond and the electrostatic environment of the histidine, and thus it is a useful probe to study the structural dynamics of the heme pocket [44, 45] . The m Fe À His mode in A. ambivalens aa 3 is assigned at 210 cm À 1 in the reduced enzyme (Fig. 9, bottom, spectrum a) , by similarity with that in other aa 3 oxygen reductases. As shown in Fig. 9 (spectra a-c), the majority of the lines of the reduced enzyme in the low-frequency region spectrum do not show any significant changes as a function of pH. Even at pH 2.6, the spectrum is very similar to that at neutral pH, except for a decrease in the intensity of the line at 329 cm À 1 and a shift in the m Fe À His line to 207 cm À 1 with a concomitant decrease in its intensity. The presence of the Fe -His mode in the spectrum at pH 2.6 is a surprising result as the pK a for histidine is f 6.0, although in proteins its pK a can vary substantially. Thus, at pH 2.6, it would be expected that the histidine would become protonated and so the Fe -His bond would not be maintained. Apparently, the access to the heme site by the protons is limited, thereby allowing the Fe -His bond to remain intact.
The frequency of the Fe -His stretching mode in A. ambivalens is lower than that in most heme proteins. Model compound and other heme protein studies have demonstrated that a low frequency results from strain on the Fe -His bond and/or the absence of H-bonding to the y nitrogen atom of the histidine. A way to distinguish the two effects is to do a photolysis experiment. For example, in hemoglobin, the Fe -His stretching mode is located at 214 cm À 1 under equilibrium conditions [46] . However, upon CO photolysis, it shifts to 230 cm À 1 [46] . This is a consequence of the strain being alleviated in the CO-bound form, so upon Fig. 8 . Resonance Raman spectra of alkaline A. ambivalens aa 3 oxygen reductase in the oxidized and reduced states in the high-frequency region. The spectra of the oxidized enzyme shown are at (a) pH 9; (b) pH 9.5; (c) pH 10.5. Also shown are spectra of (d) dithionite-reduced CO-bound species, pH 10.5, and (e) dithionite-reduced species, pH 10.5. The excitation frequency was 413.1 nm, and laser power used on the sample was 0.5 -2 mW. photolysis before protein relaxation, the frequency of the photodissociated species reflects the structure in the absence of strain. For the bovine enzyme the Fe -His mode shifted from 213 to 219 cm À 1 upon photolysis at 10 ns [47] . In A. ambivalens, the relaxed frequency is even lower (210 cm À 1 ) than in the bovine enzyme and the photolysis at f 2 As only shifts the frequency by 3 cm À 1 (see Fig. 9 , top). Therefore, the low frequency of the mode is not fully alleviated by the photolysis, indicating that the frequency of the mode does not result from a highly strained bond. Instead, the low frequency appears to be a consequence of the N y environment.
The proximal histidine (His-376) of heme a 3 in the bovine enzyme forms a hydrogen bond to the backbone carbonyl of Gly-351 [12] . Apparently, this hydrogen bond is weak, resulting in the low frequency for the Fe -His mode ( f 213 cm À 1 ). When the H bond is very strong resulting in a higher degree of deprotonation of the histidine N y , such as in the case of peroxidases, the frequency of the Fe -His stretching mode is very high [48] . A lower frequency of the m Fe À His frequency at 210 cm À 1 in A. ambivalens suggests that the effective occupancy of proton at N y is further increased, implying that the hydrogen bond of the proximal histidine (tentatively His-379) with a residue (tentatively Ala-354, which may be the equivalent of Gly-351 in bovine enzyme, on the basis of sequence similarity analysis) is weaker than in the bovine enzyme. No shift in m Fe À His in the H 2 O vs. D 2 O comparison (data not shown) was detected, possibly due the lack of accessibility of solvents to the heme a 3 proximal pocket as reported previously [49] . The difference in the frequency of the Fe-His stretching mode in A. ambivalens as compared to the bovine enzyme could have a great deal of functional significance as it was recently postulated that differences in the level of the H bonding of the proximal histidine could be involved in defining the difference between the structures of the ''P'' and ''F'' intermediates [50] .
Discussion
A. ambivalens is a hyperthermoacidophilic archaeon that grows optimally at 80 jC and pH 2.5 [6, 7] . In its simple respiratory system, it contains a cytochrome aa 3 quinol:oxygen oxidoreductase that is a member of the superfamily of heme -copper oxygen reductases and like the other members it has been shown to pump protons [5] . Given that the organism functions under extreme conditions, and that the enzyme belongs to the B-type subgroup of the hemecopper superfamily [1, 2] , it might be expected that the properties of A. ambivalens aa 3 would have some significant differences in comparison to the canonical members of the family. The results obtained here demonstrate that the protein shares some of the common features with the other members of the family and also has some distinct properties.
Heme a environment
One of the characteristic properties of the heme a environment is the frequency of the carbonyl stretching mode of the formyl group. In the bovine enzyme, this mode is located at 1611 cm À 1 in the reduced enzyme and at 1647 cm À 1 in the oxidized enzyme. This change has been interpreted as being due to a large change in the strength of the hydrogen bonding to the formyl group, being very strong in the reduced enzyme and weakened in the oxidized form [21] . In contrast, in the terminal aa 3 oxygen reductase from another extremophilic organism, S. acidocaldarius, which also grows at low pH and high temperature, there is no change in the frequency of the formyl mode upon changing the oxidation state [25] . Instead, the mode is assigned at f 1656 cm À 1 in both redox states, suggesting that the formyl group is in a rather hydrophobic environ- Fig. 9 . Resonance Raman spectra of reduced A. ambivalens aa 3 oxygen reductase in the low-frequency region. Bottom, dithionite-reduced enzyme at (a) pH 7.4, (b) pH 6, and (c) pH 2.6. Top, dithionite-reduced enzyme (bold line) and CO-photodissociated enzyme (thin line), both at pH 6. Excitation frequency was 441.7 nm, and the laser power at sample was f 20 mW. The purified enzyme (60 AM) was reduced anaerobically by dithionite, in 100 mM MES and 1 mg/ml dodecyl maltoside at pH 6.0. To prepare the CO complex, the dithionite-reduced enzyme was exposed to CO under anaerobic conditions. The CO complex was photodissociated and probed by the 441.7 nm beam in the rotating cell under conditions such that the time evolution of the photoproduct was f 2 As. ment in both states [25] . In the data reported here from A. ambivalens, a significant shift in the frequency is detected upon oxidation (1629 -1653 cm À 1 ), although it is somewhat smaller than that in the bovine enzyme, because the frequency of the mode in the reduced state is higher. Thus, the environment of the heme a near the formyl group is similar in the bovine, A. ambivalens, and S. acidocaldarius enzymes in the oxidized state but very different in the reduced state, ranging from very strong to very weak hydrogen bonding, respectively.
The change in strength of the H bond between the oxidized and reduced states among these three oxidases suggests that it is not a functionally important parameter that affects the overall oxygen reduction or proton pumping. However, the environment may have an effect on the midpoint potentials and thereby affect the electron transfer processes and ultimately the rates of the functional processes. Indeed, it has been found that the midpoint potentials of the hemes in A. ambivalens are very different from those in the bovine enzyme. In the bovine enzyme, heme a has a higher potential than that of heme a 3 (in the absence of heme -heme interaction), whereas in the A. ambivalens oxidase, heme a 3 has a higher midpoint potential [4] . This difference is also consistent with the rates of reduction of the hemes by the addition of dithionite [4] . This switching of the relative potentials appears to be a consequence of both the heme a potential being lower and the heme a 3 potential being higher in the A. ambivalens oxygen reductase as compared to the corresponding potentials in the bovine enzyme. However, it is recognized that there are likely to be heme -heme redox interactions in A. ambivalens, just as in the mammalian enzyme, that alters the potentials under partially reduced conditions.
The proximal side of heme a 3
The Fe -His stretching mode serves as a probe of the environment on the proximal side of ferrous five-coordinate heme groups [46, 51] . The frequency of this mode in the A. ambivalens enzyme is slightly lower than that of the bovine enzyme, suggesting that the environment near the histidine is less polar than in the bovine case. The absence of a large increase in frequency of the mode upon CO photolysis demonstrates that this low frequency is a consequence of the nonpolar environment and not of strain in the Fe -His bond. In addition, the absence of any changes detectable in the mode upon changing from protonated to deuterated buffers and the presence of the line at very low pH conditions indicates that access to this region by protons is very limited. The lack of the free access could have important consequences for proton translocation properties in that there would not be expected to be any leakage of protons that could deplete the proton gradient.
In contrast to the stability of the protein under low pH conditions, the A. ambivalens enzyme is less stable than the bovine oxidase at high pH. The conversion from the native structure to a five-coordinate hydroxide-bound species with Schiff base formation of the formyl groups of both hemes is detectable at pH 9. We postulate that for this to happen, the protein has become destabilized such that the hemes have become exposed. The instability of the protein at high pH in contrast to its high stability at low pH is compatible with the environmental conditions of A. ambivalens that thrives only at low pH.
The catalytic binding site
To probe the properties of the catalytic site, the carbon monoxide and the cyanide adducts were studied. Exogenous ligands serve as useful probes of the catalytic site because they are sensitive to the local interactions that are related to the types of interactions that occur in the oxy complexes and the associated redox intermediates. The CO adducts of many heme proteins have been studied and the Fe-C -O modes have been especially useful in the determination of heme pocket interactions. In the canonical oxygen reductases, the negative correlation between the Fe -CO mode and the C -O modes of the heme a 3 species lie in a unique position with respect to other heme proteins, in that they do not fall on the correlation curve for the histidine -Fe -CO complex [30, 33] . Recently, a great deal of useful information concerning the properties of the catalytic site in several different oxygen reductases have been obtained by a combination of resonance Raman and FTIR studies of CO complexes by Varotsis et al. [33 -36] . One of their important findings was that the Cu B -CO complexes are quite robust. In particular, they found that this complex in the ba 3 oxygen reductase from Thermus thermophilus is insensitive to pH over the 5.5 to 9.7 range and concluded that the Cu B histidine ligands did not undergo any protonation/deprotonation events [35] as postulated in several models for proton pumping [8, 52, 53] . However, changes in the electrostatic properties of the binuclear center during the oxygen reduction process could bring about changes in the histidine protonation and/or ligation states that may be essential elements of proton translocation pathways, but such changes may not occur in the CO complex.
In A. ambivalens aa 3 , there are two Fe -CO modes present in the spectrum. These have been assigned as being associated with the a and h forms of the protein as has been seen in other oxygen reductases [18,30 -36] . In addition, Fe -C -O modes of one form (the a-form) lie off the Fe -CO vs. the C -O correlation curve just as in the other enzymes. The failure to lie on the curve in other oxidases has been attributed to interactions between the CO and the Cu B atom [18] that has been found to be only 5 Å from the heme iron atom [12] . This confirms that the heme interactions in A. ambivalens aa 3 are the same as those in the other members of the heme -copper oxygen reductase superfamily.
In the bovine aa 3 oxygen reductase, the addition of CO to the resting enzyme leads to a mixed valence state in a period of a few hours or less [54] . The mechanism for this process involves the oxidation of CO to CO 2 and requires a molecule of water; that is
It has been reported that the process is dependent on the presence of hydroxide ions and has been found to occur in other heme proteins but at a much slower rate [54] . The observation that this does not occur in A. ambivalens aa 3 is at first a surprising result since the midpoint potential of the heme a 3 is high [4] ; thus, one would expect that it would be readily reduced. If the mechanism involves the formation of a stable hydroxyl species as is likely the case, then a high midpoint potential may not be critical. Instead, the formation of a stable hydroxide-bound heme associated with certain electrostatic features of the heme pocket may be the critical elements needed for the reduction. The cyanide results in which the same level of stability is not achieved in the A. ambivalens as in the bovine enzyme suggests that the electrostatics of the heme pocket are not the same in the two enzymes and negatively charged ligands such as the hydroxide are not as readily stabilized in A. ambivalens at physiological pH. The spectral properties and the redox titration of the heme a 3 cyanide adduct confirms that the midpoint potentials are very different from those of the bovine enzyme. In the bovine enzyme, the cyanide adduct forms a very stable complex with the oxidized enzyme that is very hard to reduce. Thus, it readily forms a mixed valence species in which the heme a is reduced and the CN-bound heme a 3 is oxidized. For A. ambivalens, the CN adduct can be readily reduced and no mixed valence species is formed. Analysis of the redox titration data demonstrates that there is extensive heme -heme interaction of the cyanide adduct such that the data can only be accounted for by the neoclassical model [55] . This difference in the apparent electrostatic environment of the cyanide-bound enzyme suggests that the stabilization of the catalytic intermediates may be quite different in A. ambivalens as compared to the bovine enzyme and, thus, a thorough study of the catalytic process is warranted.
Proton pumping
One of the most remarkable features of the spectroscopic properties of the aa 3 oxygen reductase from A. ambivalens is the slow change in the frequency of the carbonyl stretching mode of the formyl group of heme a 3 upon reduction. This change has been interpreted as the gradual loss of H bonding to the carbonyl group and is thereby evidence for a slow conformational change in the heme environment. Based on this change in the protonation of the formyl group, we previously proposed a mechanism for proton translocation [8] . This model for proton translocation was based on the premise that the overall structure of the oxygen reductase from A. ambivalens is the same as those of the reported mammalian and bacterial enzymes. Within this limitation, the only residue close enough to the formyl group capable of transient H-bonding would be His-290, one of the Cu B ligands, and thus, the position and/or the protonation state of His-290 could be electrostatically controlled by charges in the catalytic site during the redox process. Its conformational changes could regulate the release of protons and thus be the central element in the redox-coupled proton translocation. In this model, the formyl group serves as an H bond acceptor, but the central element of the mechanism is the protonation state of His-290.
It has been established that the enzyme from A. ambivalens is a proton pump, but the channels through which the protons pass are not the same as those in the bovine or the mitochondrial-like enzymes that have been studied [5] . In addition, the caldariella quinone, which is thought to be tightly bound to the enzyme in vivo, affects the electron transport properties and the structural properties around the hemes [4] . Thus, while there are many similarities between the A. ambivalens oxygen reductase and those from other species, as pointed out here and elsewhere, there are many differences, which may be characteristic of the B-type family to which the A. ambivalens enzyme belongs [2] . Consequently, while the general principles of the proton pumping mechanism may be the same, the specific elements involved or their organization may result from a fine tuning that the members of the different families of oxygen reductases have acquired throughout evolution. On this basis, the mechanism that was proposed may be valid for the A. ambivalens oxygen reductase but may have structural differences in comparison to other enzymes. Thus, a redoxlinked control of the protonation state of a residue in the catalytic site, such as His-290, may be a central element of all proton pumps but the specific residue that plays that role may differ especially when comparing very diverse oxygen reductases.
